We present predictions for numerous statistics related to the presence of voids in the distribution of galaxies in a cold dark matter model of structure formation using a semi-analytic model of galaxy formation. Our study is able to probe galaxies with masses as low as 10 9 h −1 M ⊙ corresponding to absolute magnitudes of M bJ − 5 log h = −18.1 and M r − 5 log h = −18.7. We quantify the void and underdense probability functions, distributions of nearest neighbour distances and void sizes and compute the density profiles of voids. These results are contrasted with the expectations for dark matter (and the difference examined in terms of the galaxy/dark matter biasing relation) and are compared to analytic predictions and observational data where available. The predicted void probability functions are consistent with those measured from the Center for Astrophysics redshift surveys given the rather large uncertainties in this relatively small (for studies of voids) observational sample. The size of the observational sample is too small to probe the bias between galaxies and dark matter that we predict. We also examine the predicted properties of galaxies living within voids and contrast these with the general galaxy population. Our predictions are aimed at forthcoming large galaxy redshift surveys which should for the first time provide statistically accurate measures of the void population.
INTRODUCTION
One of the most striking features of galaxy redshift surveys is the presence of large regions of space that are nearly devoid of galaxies. These "voids" are thought to form from the most underdense regions of the initial density field, although other suggestions exist such as cosmic explosions (Ostriker & Cowie 1981) or first order phase transitions (Amendola et al. 1999) . While voids have been seen in redshift surveys since the late 1970's (Gregory & Thompson 1978; Kirshner et al. 1981; Geller & Huchra 1989) , due to their large size and low number density it is only with the advent of the Two-degree Field Galaxy Redshift Survey (2dFGRS) and Sloan Digital Sky Survey (SDSS) that the statistical properties of voids will be quantified in a meaningful way.
It is well known that the cold dark matter (CDM) cosmogony produces voids in the distribution of dark matter (i.e. highly underdense regions which are not, however, completely empty of dark matter), and the properties of these voids are well studied (Einasto et al. 1991; Ghigna et al. 1994; Little & Weinberg 1994; Vogeley et al. 1991; Vogeley et al. 1994; Ghigna et al. 1996; Kauffmann, Nusser & Steinmetz 1997; Müller et al. 2000; Arbabi-Bidgoli & Müller 2002; Sheth 2002) . The properties of voids, and the galaxies which live within them have been proposed as a strong test of the CDM scenario (Peebles 2001) . However, there have been very few theoretical studies of voids in the galaxy distribution expected in CDM (with the notable exception of Mathis & White 2002) , primarily due to the lack of a detailed, physical model for galaxy formation in the past. It is known both theoretically and observationally that at least some galaxies are biased tracers of the dark matter (Davis & Geller 1976 ; for recent results see Hoyle et al. 1999 , Benson et al. 2000a , even though L * galaxies may be close to unbiased, as shown in the 2dFGRS by Verde et al. (2002) . Recent studies of the dependence of clustering amplitude on galaxy luminosity and morphology in the SDSS (Zehavi et al. 2002; Zehavi et al. 2003 ) and the 2dFGRS (Norberg et al. 2001a; Norberg et al. 2002) show a substantial increase with luminosity of the correlation function amplitude which is only partly induced by the variations in the morphological mix of galaxies. Consequently, we cannot expect voids in the distributions of galaxies and dark matter to have the same statistical properties. In fact we will show that they can be quite different.
In this work we aim to remedy this deficiency by prec 0000 RAS senting predictions for the simplest and most useful statistical quantifiers of galaxy voids in a CDM universe using a combination of N-body simulations of dark matter and semi-analytical modelling of galaxy formation. This technique has been demonstrated to naturally explain several aspects of galaxy clustering -such as the near power-law shape of the galaxy correlation function and the dependence of galaxy clustering on luminosity (Kauffmann et al. 1999; Benson et al. 2000a; . Such an approach is currently the only means to make physically realistic predictions for galaxy voids (the only competitive method for modelling galaxy formation -direct hydrodynamical simulation -cannot currently be applied to sufficiently large volumes of the Universe with the desired resolution). We will make predictions specifically aimed at the 2dFGRS and SDSS surveys, and will contrast our results with previous analytical and numerical studies.
The remainder of this paper is arranged as follows. In §2 we describe the construction of galaxy catalogues and the details of the analysis which we apply to them. In §3, §4 and §5 we present results for a variety of statistical properties of voids and the galaxies within them. Finally, in §6 we present our conclusions.
ANALYSIS
Catalogues of mock galaxies are constructed using the techniques of , to which the reader is referred for full details. Briefly, we use the semi-analytic model of Cole et al. (2000) with extensions due to Benson et al. (2002a) to populate dark matter halos located in N-body simulations with galaxies. In this particular approach, dark matter halos are located in the simulation using the friendsof-friends technique together with an energy criterion to ensure the halos represent physical, bound objects. We retain halos containing ten or more particles. The semi-analytic model is used to predict the properties of galaxies occupying each halo by accounting for the rate at which gas can cool and turn into stars, galaxy-galaxy mergers and feedback from supernovae. Galaxies are then assigned a position (both in real and redshift-space) within the halo, resulting in a three dimensional distribution of galaxies.
We use the same two N-body simulations as Benson et al. (2001) , which we refer to as the "GIF" and "512 3 ", which have cosmological parameters (Ω0, Λ0, h, σ8, Γ) = (0.3, 0.7, 0.7, 0.9, 0.21) ⋆ and particle masses of 1.4×10 10 and 6.8 × 10 10 h −1 M⊙ respectively. We also make use of a third simulation, which we refer to as "GIF-II", which has the exact same parameters as the GIF simulation, but with a different realization of the initial conditions. This GIF-II simulation will therefore provide a means to quantify uncertainties in the results from the GIF simulation due to its limited volume. The two simulations differ in mass resolution and volume as detailed in Table 1 , where we also list the faintest absolute magnitudes in bJ and r-bands (appropriate to the 2dFGRS and SDSS respectively) to which our mock ⋆ We define Hubble's constant as H 0 = 100hkm/s/Mpc. galaxy catalogues are complete in each simulation, along with the characteristic magnitude M * measured in these two surveys. (For the 512 3 simulation these limits are comparable to M * , while for the GIF simulation they are almost two magnitudes fainter than M * .) At fainter magnitudes the limited resolution of the simulation means that some galaxies are missed. These magnitudes are relatively bright, perhaps significantly brighter than we might expect to be typical of "void galaxies". Higher resolution simulations, allowing us to probe to fainter magnitudes, would clearly provide stronger tests of the void phenomenon in CDM models. Note that with our scheme for constructing mock galaxy catalogues, morphological evolution is correctly tracked for all galaxies brighter than this luminosity limit. The GIF simulation allows us to examine somewhat fainter galaxies than the 512 3 but is of limited usefulness for studying voids because of its relatively small volume (voids have very low number densities). The 512 3 simulation on the other hand is of sufficiently large volume to provide a statistically useful sample of voids. We will construct galaxy catalogues for a variety of absolute magnitude limits. For each galaxy catalogue we construct we create a "dark matter" catalogue with the same number density of points by randomly selecting dark matter particles from the N-body simulations. These dark matter catalogues will allow us to examine differences between the properties of voids in the dark matter and galaxy distributions (i.e. the "bias" of the galaxy distribution). Voids in an unbiased population of galaxies would have statistical properties identical to those in our dark matter catalogues. All catalogues use distributions of galaxies or dark matter in redshift space (i.e. we shift each galaxy in the catalogue a distance vx/H0, where vx is the peculiar velocity of the galaxy, along the x-direction to account for redshift space distortions).
It is important to note that the model of Benson et al. (2002a) does not produce a galaxy luminosity function which agrees precisely with that observed (see their Fig. 9 ). As described in Benson et al. (2002b) we modify the model of Benson et al. (2002a) to use the Jenkins et al. (2001) dark matter halo mass function (since this is a better match to the mass function found in the N-body simulations that we use here than the Press-Schechter mass function) and, to preserve reasonable agreement with the observed luminosity functions, we adjust the star formation timescale and massto-light ratios in the model. The resulting model luminosity function is not a perfect match to that observed. Many of the void statistics employed in this work are sensitive to the number density of points (i.e. galaxies). To most fairly compare theory and observation, we construct predicted samples of galaxies that match the number density of the observed samples. Because of the difficulty in exactly matching the shape of the luminosity function, matching the number density leads to small offsets in the absolute magnitude limits of the theoretical and observed samples, typically |∆M | < ∼ 0.4. Therefore, we provide in Fig. 1 a mapping between observed and model absolute magnitudes which produce the same total number density of brighter galaxies. (This corresponds to the results which would be obtained if we were able to produce a good model luminosity function by changing the luminosities of model galaxies without changing the ranking Table 1 . Properties of the two N-body simulations used in this work and of the mock catalogues constructed from them. Limiting magnitudes indicate the faintest galaxies for which our samples will be complete, due to the limited resolution of each simulation.
Limiting magnitude Characteristic magnitude Simulation
Particle Table 2 . The number densities of galaxies brighter than a given absolute magnitude limit in our model. Values are given for all magnitude cuts used in this work. We use model magnitudes exclusively in this table. of their luminosities.) Furthermore, Table 2 lists the number density of galaxies brighter than a given absolute magnitude cut, for all cuts used in this work. Throughout the remainder of this paper we will refer exclusively to model magnitudes. We now describe the analyses which we will apply to our mock galaxy catalogues.
Void and Underdense Probability Functions
The void probability function (VPF) for a distribution of points (e.g. galaxies), as defined by White (1979) , is simply the probability that a randomly placed sphere of radius R will contain no points within it. This statistic is sensitive to the presence of voids in the distribution, and also has a particularly simple relation to the halo occupation distributions considered by Benson (2001) . (In the notation of Benson (2001) , the VPF is just S(0) when the halo distribution function Q is computed for spheres of radius R.) We compute the VPF by placing a large number of such spheres in the simulation volumes and computing the fraction which contain no galaxies. This process is repeated for a range of sphere radii. We compute this statistic for samples of galaxies, dark matter particles and randomly distributed particles at the same number density as the galaxy sample in question. For a random set of points the VPF has a particularly simple form:
where n is the mean number density of the points. We will also consider briefly the underdense probability function (UPF) as defined by Vogeley et al. (1994) . This statistic is defined as the probability that the mean density of a randomly placed sphere of radius R will be below 20% of the global mean density. Unlike the VPF, the UPF does not vary with the mean density of the sample, with the exception of the small effect of galaxy discreteness on the threshold density.
Nearest Neighbour Distance Distributions
Peebles (2001) has proposed the distribution of nearest neighbour distances as a useful statistic to quantify to what degree one type of galaxy respects the voids defined by another type. In this analysis we define one sample of "ordinary galaxies" and use these to define the locations of voids (we choose the name "ordinary" to distinguish these from the "wall galaxies" categorized by the void finder algorithm of §2.3). We then select a second set of galaxies, which we refer to as "test galaxies". These two samples can be chosen in any way we see fit, the idea being to choose test galaxies which we suspect may populate the voids defined by the ordinary galaxies. In this work we will use very simple criteria, choosing ordinary galaxies to be those brighter than some particular luminosity, and test galaxies to be a sample of fainter galaxies. We compute the distance from each test galaxy to its nearest ordinary galaxy, Dto, and construct the distribution function of these distances. Since Dto will depend on the number density of ordinary galaxies we also compute the distribution function of Doo, the distance from each ordinary galaxy to its nearest ordinary galaxy. By comparing the two distributions we can assess to what extent test galaxies populate the voids defined by ordinary galaxies. For example, if the distribution of Dto exceeds that of Doo at large distances we can infer that the test galaxies are populating the voids.
The Void Finder Algorithm
To study voids more directly we will apply the void finder algorithm of Hoyle & Vogeley (2002; see also El-Ad & Piran 1997) to locate individual voids in our simulations and then proceed to describe in detail below their properties and the properties of the galaxies residing within them. The void finder algorithm, as used in this work, operates on a sample of galaxies and consists of three steps, which we list below and then proceed to describe in outline:
(i) Categorise each galaxy in the sample as a wall galaxy or a void galaxy.
(ii) Bin the wall galaxies into cells of a cubic grid. (iii) Beginning from the centre of each empty grid cell, grow the largest possible sphere containing no wall galaxies.
(iv) Find overlaps between maximal spheres and determine the set of unique voids by computing the overlap of these spheres.
The void finder algorithm allows for some galaxies -known as "void galaxies" -to lie within voids. These galaxies are those which have three or fewer neighbours in a sphere of radius equal to d + 3 2 σ d centred on it (where d is the mean distance to the third nearest neighbour and σ d is the standard deviation of this distance). Using this criteria, approximately 10% of the galaxies are void galaxies (consistent with the fraction found in observational samples by Hoyle & Vogeley 2002) . Note that not all of these galaxies will in fact lie within voids.
Wall galaxies (i.e. all non-void galaxies) are then assigned to cells of a cubic grid. From each empty grid cell, a maximal sphere (i.e. the largest possible sphere which contains no wall galaxies) is grown. These are referred to as "holes". As a single void will typically contain more than one empty cell, there is some redundancy, i.e. a single void will typically contain many holes. To determine which of the holes are voids, we order the list of holes by size. The largest hole is a void. Subsequent holes are only voids if they do not overlap in volume with a previously detected void by more than 10%. This choice of overlap fraction is somewhat arbitrary but is discussed in greater detail in Hoyle & Vogeley (2002) . In Hoyle & Vogeley (2002) the volumes of voids were enhanced by merging with smaller holes with which they overlapped. In the present work we choose to consider only the maximal sphere of each void, and so this volume enhancement process is not carried out.
The result of this procedure is a list of voids in the simulation volume, each of which is given a position (the centre of the sphere), and the sphere radius. We use these lists to determine the distribution of void sizes and the run of density with radius in voids. By cross-referencing with our various galaxy catalogues we also construct lists of galaxies residing within each void, which we use to explore differences between the properties of void galaxies and wall galaxies.
The catalogue of voids will become incomplete below some particular radius due to the finite resolution of the computational grid. The finite grid may also introduce some systematic bias in the sizes of voids. We discuss incompleteness and bias separately below. For a grid with cells of length L, the void finder algorithm is guaranteed to find all voids with radii larger than √ 3L. We choose to use a grid of 64 3 cells, which results in void catalogues complete for radii in excess of 6.5 and 15.7h −1 Mpc for GIF and 512 3 simulations respectively. For smaller radii we expect the catalogue to become gradually incomplete. Due to the nature of the void finder algorithm it is impossible to characterize the incompleteness analytically and so we will make no use of the results for voids of smaller radii. However, to approximately characterize the incompleteness we applied the void finder algorithm to one galaxy sample using a 96 3 element grid. We find that the results using the 64 3 grid are more than 90% complete down to radii of approximately 70% of the nominal completeness radius. Below this the completeness drops very rapidly. Using the higher resolution grid also demonstrates a small systematic bias in the recovered void sizes. We find that, even for voids well above the completeness limit, the higher resolution grid results in typical void sizes increasing by around 4%. This is due to the larger number of starting points for the growth of holes resulting in a better chance of finding the true maximal hole which can fit within a region of the sample (the effect is clearly small so has little consequence for the results presented in this work, but for the most accurate comparison of theory and observations the two should be analysed using a grid of the same resolution).
STATISTICS OF VOIDS
In this section we present results for the statistics of voids using the analysis described in §2.
Void Probability Function
In Fig. 2 we show VPFs for galaxies selected by their bJ and r-band magnitudes (upper and lower panels respectively), with individual panels showing results for galaxies of different luminosities. For fainter samples we use the GIF simulation (shown by thin lines), while for the brighter samples we use the 512 3 simulation (shown by heavy lines) to obtain better statistics. Where there is overlap between the two samples the agreement is very good (the small horizontal offsets in the results are due to slight differences in galaxy number density at fixed absolute magnitude in the two simulations which arise due to noise in the number of massive halos found in the GIF simulation). We indicate in the relevant panels the regions for which the VPF is expected to be determined accurately in each simulation. Furthermore, comparing results from the GIF and GIF-II confirms that the VPF is determined to high accuracy on these scales.
We compare the VPFs of our galaxies (solid lines) to those of dark matter catalogues (dashed lines) and a random distribution of points having the same number density (dotted lines). Several interesting features are immediately obvious. Firstly, both dark matter and galaxies contain many more large voids than a random sample of points. This is not surprising of course given that both dark matter and galaxies are clustered. Secondly, the VPF for large R (e.g. r > ∼ 5Mpc/h) is much higher for galaxy catalogues than for dark matter catalogues. This indicates that galaxy catalogues contain more large voids than the dark matter catalogues. This is a consequence of galaxy bias -few dark matter halos form in voids, and those that do are typically of low mass and so almost never form a galaxy bright enough to meet our selection criteria. Thus, although low density regions always contain some dark matter they frequently contain no galaxies.
We can address this point in more detail by examining the bias relation between galaxies, dark matter and halos as shown in Fig. 3 . We caution that we are using the term "bias" in its most general sense -namely as any difference between the spatial distributions of galaxies and dark matter. It is possible that a sample of galaxies that are biased in this sense may be unbiased in terms of some particular statistic (e.g. the two-point correlation function). For the purposes of this example we examine our M b J − 5 log h ≤ −19.5 galaxy sample, and a sample of dark matter halos more massive than 10 12 h −1 M⊙ (galaxies in this sample are almost never found in lower mass halos, and most halos in this mass range host at least one galaxy of this luminosity). The distributions of galaxies, halos and dark matter in the GIF simulation are smoothed with a Gaussian filter with scale 10h −1 Mpc in order to examine the bias on scales comparable to those of voids. The filled circles in Fig. 3 show the median galaxy density contrast † as a function of dark matter density contrast, with the errorbars giving an indication of the scatter in the relation. The diagonal solid line indicates the result for an unbiased population. We caution that due to the small number of the highest density regions these results become unreliable at large density contrasts. In regions of average dark matter density the galaxy distribution is approximately unbiased. In low density regions (i.e. voids) we see that galaxies are biased, that is, their density contrast is typically lower than that of the dark matter ‡ . This effect is responsible for the differences seen in galaxy and dark matter VPFs. The filled squares show the bias relation for dark matter halos (note that the points are offset for clarity). Clearly, the halos show a similar biasing relation to the galaxies, specifically becoming more underdense than the dark matter in low density regions. This result is predicted by the extended Press-Schechter theory. This halo bias explains most of the galaxy bias, but is not the whole effect. The stars in Fig. 3 show the biasing relation between galaxies and halos. Clearly these two populations are almost unbiased relative to each other, particularly in high density regions. However, in low density regions the galaxies are slightly more underdense than halos. This relative bias is a consequence of galaxy formation, which means that the lower mass halos in our sample (preferentially located in the lower density regions) have a lower probability to host a sufficiently bright galaxy. The combination of halo/dark matter and galaxy/halo biases act constructively to produce the net galaxy/dark matter bias, resulting in larger voids in the galaxy distribution than in that of the dark matter. Note that this may not be the whole story. We have probed the bias on one particular scale only. In fact, as we will show in §4.2, galaxies are relatively more underdense in the centres of voids than near the edges, which will enhance the number of large galaxy voids relative to the number of dark matter voids.
This bias is clearly visible in the galaxy and dark matter distributions shown by Fig. 1 ). Finally, it is evident in Fig. 2 that the difference between galaxies, dark matter and random points is lessened for the brighter (and so sparser) samples. This is, of course, just a † The density normalized to the mean density of the sample in question, i.e. ∆ = ρ/ρ where ρ is the local density and ρ is the mean density. ‡ Here we define 'bias' as the ratio of galaxy and dark matter overdensities, b = δg/δ DM , where δ = ρ/ρ − 1 = ∆ − 1. In underdense regions, a 'biased' galaxy distribution therefore results in a lower density contrast for galaxies than for dark matter. reflection of the lower number density of the brighter samples, which results in the Poisson sampling of the underlying density field becoming the dominant means of producing voids. These qualitative trends are seen for both bJ and rselected samples, and agree with those found by Kauffmann, Nusser & Steinmetz (1997) Vogeley et al. (1994) measured the VPF for volume limited samples in the Center for Astrophysics (CfA) surveys. In Fig. 4 we show their results for the combined CfA-1 and CfA-2 surveys for four absolute magnitude limits. To compare our model to this data we construct galaxy and dark matter catalogues with the same number density as the samples analysed by Vogeley et al. (1994) . The resulting model VPFs for galaxies and dark matter are shown in Fig. 4 as solid and dashed lines respectively. Note that the magnitudes shown in this plot are the observational magnitudes (i.e. not model magnitudes as referred to in the rest of this paper).
This comparison of theory and observations shows an intriguing dichotomy. For R < ∼ 8h −1 Mpc our galaxy samples provide a good match to the observed VPFs, while the dark matter samples produce systematically low VPFs on these scales. On larger scales the situation is reversed, with our model galaxy samples overpredicting the observed VPFs, while dark matter samples agree rather well with the data. The brightest sample is an exception, with the dark matter sample agreeing best with the data on all scales. We must be cautious however not to over-interpret the significance of these results. The uncertainties in the observational determinations are shown in the MB −5 log h ≤ −19.5 sample. These include contributions from both the finite number of independent volumes in the survey and the uncertainty in the mean density due to the fluctuations on scales larger than the survey. It should be kept in mind that the data points in the VPF (both observational and theoretical versions) are correlated. Given the current rather large observational uncertainties, both the model galaxy and dark matter samples are consistent with the data. Nevertheless, future observations could in principle distinguish between the predictions for dark matter and for galaxies.
In Fig. 5 we show the UPF for the same observational and model samples (again using model magnitudes). As the UPF is independent of the number density we expect the results for dark matter (dashed lines) to be identical in re- Figure 3 . The biasing relations between galaxies, halos and dark matter density contrasts (the density contrasts ∆ 1 and ∆ 2 refer to different populations for each symbol type as indicated in the figure labels). Results are shown for the GIF simulation, from which samples of halos more massive than 10 12 h −1 M ⊙ and galaxies brighter than M b J − 5 log h = −19.5 were extracted. The distributions were smoothed with a Gaussian filter of scale 10h −1 Mpc. Points connected by lines show the median biasing relations, with errorbars enclosing 80% of the scatter in the relation. Diagonal solid lines indicate an unbiased relation. Circles show the relation between galaxies and dark matter, squares that between halos and dark matter, and stars that between galaxies and halos. The latter two relations are offset by ±0.25 in the vertical direction for clarity.
gions where shot noise is unimportant. "Shot noise" here refers to the fluctuations in local density caused by sparse sampling the underlying density field with a finite number of galaxies. A secondary effect, due to the discreteness in the number of galaxies which satisfy the density threshold, is responsible for the sharp discontinuities in the UPF. As expected, the three densest samples converge beyond about 6h −1 Mpc (the sparsest sample is still significantly affected by shot noise beyond this radius). The galaxies show a bias relative to the dark matter, producing a larger number of large radius underdense regions (the effect is less visible for the sparsest sample where shot noise is still a significant contribution on the scales probed here). On small scales the model galaxies produce a UPF lower than that observed. On large (R > ∼ 10h −1 Mpc) scales the two brightest samples are in good agreement with the observations, but the fainter samples seriously overpredict the observed UPF. Cen & Ostriker (2000) compared the UPF for galaxies in a hydrodynamic simulation of a ΛCDM universe with the observations of Vogeley et al. (1994) . Galaxies in their simulation are also consistent with the observational data on scales larger than 10h −1 Mpc. Figure 4 . The void probability functions for volume limited samples drawn from the combined CfA-1 and CfA-2 galaxy redshift surveys (Vogeley et al. 1994 ) are shown by symbols (see figure for key). Error bars are shown for the M B − 5 log h ≤ −19.5 sample only and include contributions due to the finite volume of the survey and the uncertainty in the mean density due to fluctuations on scales larger than the survey. For each observational sample we show the predicted VPF for a sample of model galaxies with the same number density (solid lines) and an equivalent sample of dark matter (dashed lines). The luminosity corresponding to each line increases monotonically from left to right. The model predictions are computed from the 512 3 simulation for the two brightest samples, and from the GIF simulation for the others.
Nearest Neighbour Distribution
In Fig. 6 we show distributions of nearest neighbour distances for bJ and r-band selected galaxy samples (upper and lower panels respectively). In each panel we use a sample of bright "ordinary" galaxies (brighter than magnitude M ord as listed in each panel) to define the voids. We then use a fainter sample (with magnitudes Mtest in the range specified in each panel) as test galaxies. The solid histograms show the distribution of distances from each test galaxy to the nearest ordinary galaxy, Dto, while the dotted histogram shows the distribution of distances from each ordinary galaxy to the nearest ordinary galaxy, Doo, as a reference. The peak of the Doo distribution clearly shifts to larger distances for the brighter samples of ordinary galaxies, as a consequence of their lower number density (this is partially offset by the stronger clustering of these galaxies, but this is a rather weak effect) -the vertical arrows in each panel show the mean separation for each distribution. The Dto distribution for the fainter ordinary samples is shifted to larger distances relative to that of Doo. This indicates that the fainter test samples here do begin to fill in the voids defined by the ordinary galaxies, with the typical Dto being up to 50% larger than the typical Doo. For the brightest samples of ordinary galaxies we see an opposite effect - Figure 5 . The underdense probability functions for volume limited samples drawn from the combined CfA-1 and CfA-2 galaxy redshift surveys (Vogeley et al. 1994 ) are shown by symbols (see figure for key). Error bars are shown for the M B − 5 log h ≤ −19.5 and −20.0 samples only and are due to the finite volume of the survey. For each observational sample we show the predicted UPF for a sample of model galaxies with the same number density (solid lines) and an equivalent sample of dark matter (dashed lines). The luminosity corresponding to each line increases monotonically from bottom to top (seen most clearly for R's of a few h −1 Mpc). The model predictions are computed from the 512 3 simulation for the two brightest samples, and from the GIF simulation for the others.
the Dto distribution peaks at smaller distances than that of Doo. These bright ordinary galaxies nearly always dwell at the centres of quite massive dark matter halos. As such, two such ordinary galaxies are almost never found within the same halo. Such an effect might not occur if we were able to use significantly fainter samples of ordinary galaxies. A large number of the faint test galaxies on the other hand are satellite galaxies in the halos of the bright ordinary galaxies. As such, the test galaxies typically live much closer to a bright ordinary galaxy than do other bright ordinary galaxies. This is a crucial point in the modelling of the nearest neighbour distribution which is missed in calculations using halo centres as proxies for galaxies, and must be considered when comparing observations with theory. Mathis & White (2002) performed a similar analysis, measuring the distances from several samples of galaxies to their nearest bright spiral galaxy. They found that very blue galaxies were the best candidate for a population filling the voids, but none of their samples showed evidence for a homogeneously distributed component. Mathis & White (2002) also noted that their results were in broad agreement with those of Peebles (2001) . Here, we have chosen to simply present comprehensive predictions from our model which Figure 7 . The distribution of voids in a 2h −1 Mpc thick slice through the 512 3 simulation. The positions of "wall galaxies" (in this specific case selected to be M b J − 5 log h ≤ −20 galaxies with more than three neighbours within a distance of 6.9h −1 Mpc) are shown by black squares. "Void galaxies" -those with three or fewer or neighbours within the above distance -are shown as light grey squares. Voids detected using the algorithm of Hoyle & Vogeley (2002) are indicate by circles. Where the void centre lies within the slice we show a solid-line circle with radius equal to the radius of the void. Where the void centre lies outside of the slice but some of the void overlaps the slice we show a dashed-line circle with radius equal to the radius of the circle where void and slice boundary intersect. Note that some wall galaxies appear to lie inside of voids due to projection effects. In reality all voids are devoid of wall galaxies.
can be compared with well-defined and large observational samples within the next few years.
PROPERTIES OF VOIDS
We apply the void finder algorithm to several samples of galaxies and dark matter. The resulting void catalogues from the GIF simulation are complete for voids with radii larger than 6.5h −1 Mpc, and for those larger than 15.6h −1 Mpc in the 512
3 simulation. Figure 7 shows an example of the distribution of these voids. It can be easily seen that voids frequently contain some galaxies (note that the "wall" galaxies -shown as black dots in the figure -are never really inside of voids, they only appear to be due to projection effects), and that small voids vastly outnumber larger voids. In the remainder of this subsection we will quantify these points. Figure 6 . Distributions of distance to nearest neighbour for galaxy samples selected by their b J and r-band luminosity (as appropriate to the 2dFGRS and SDSS respectively). In each panel we indicate the absolute magnitude criteria used to select "ordinary galaxies" and that used to select "test galaxies". The solid histograms show the distribution of distances from each test galaxy to the nearest ordinary galaxy, Dto. The dotted histograms show the distribution of distances from each ordinary galaxy to the nearest ordinary galaxy, Doo, for comparison. Arrows indicate the mean separation for each histogram. All results are computed using the GIF simulation.
Void Radius Distribution and Scaling Relations
The simplest property of voids which we can compute is the distribution of their radii. Figure 8 shows void radii distributions for an M b J − 5 log h ≤ −20.5 galaxy sample and the corresponding dark matter sample in both the GIF and 512 3 simulations (see figure key for symbol types). Results from the 512 3 simulation are incomplete for radii smaller than that indicated by the vertical dotted line, while those from the GIF simulation are complete over the whole range of radii shown. For larger voids the results from the GIF and 512 3 simulations are in reasonable agreement. Figure 8 shows, as expected from the VPF (Fig. 2) , that there are more of the largest radii voids in the galaxy distribution than in the dark matter distribution. This is indicative that physical processes related to galaxy formation as well as gravity help produce voids in the galaxy distribution. At smaller radii however, the two distributions are very similar. We predict a very rapid decline in the number density of voids as their radii increase, with dn/d ln R falling by almost three orders of magnitude over less than half an order of magnitude in R. Sheth (2002) has derived an analytical formulae for the distribution of void sizes in the dark matter using arguments similar to those employed by Press & Schechter (1974) . The distribution predicted by Sheth (2002) is shown in Fig. 8 by the solid line. It should be noted that in Sheth's model a void is defined as being a region in which the interior dark matter density contrast is approximately ∆ = ρ/ρ = 0.2.
In contrast, our definition of voids (using the void finder) yields voids that have even lower density contrast, typically ∆ = 0.1 or lower (especially for galaxy samples) as we will show in §4.2. As such, we should not make a direct comparison between our results and those of Sheth (2002) . (In particular, the analytic model of Sheth (2002) predicts a unique distribution, whereas our predicted distributions must necessarily depend on the density of points in our galaxy samples.) For this particular sample, the voids predicted by Sheth (2002) are of comparable size to those found by the void finder algorithm (typically being only 40% and 50% smaller than voids in our dark matter and galaxy catalogues respectively). More interestingly, the rapid decline in void abundance with radius seen in our model agrees well with that predicted by Sheth (2002) , who demonstrates that this is due to the fact that the underdense regions of the Universe from which these voids form are exponentially Figure 8 . The distribution of void radii. We plot the differential number of voids of radius R per unit volume as a function of R. Points with errorbars show the results from our simulations, while the solid line shows the prediction from the analytical model of Sheth (2002) . Model results were obtained using samples of galaxies brighter than M b J − 5 log h = −20.5 in the GIF and 512 3 simulation. We show estimates from the GIF and 512 3 simulations and for dark and galaxy catalogues (symbol types as shown in the figure key). The vertical dotted line indicates the smallest radius for which the 512 3 void catalogue is complete.
rare (assuming a Gaussian distribution of initial density contrasts).
In Fig. 9 we show void radii distributions for galaxy samples with different magnitude limits and selected in both bJ and r-bands. As expected, for brighter (and so sparser) samples the distribution shifts to larger sizes. The void radii distributions show evidence of a peak (especially visible in the M b J − 5 log h ≤ −20 and ≤ −22 panels), indicating a characteristic size for voids. Finding voids using a higher resolution grid does not change the position of this peak, indicating that it is a real feature and not an artifact due to the limited resolution of the computational grid. The limited dynamic range of the current simulations allows us to say that the position of the peak moves to larger radii as the sample of galaxies becomes brighter/sparser, but prevents us from making any more quantitative conclusions (although we can quantify the scaling of median void size with galaxy luminosity as we will show below). The presence and changing position of this peak is caused by the percolation of small voids into larger ones, a process which depends on the mean density of the sample.
Note that while the GIF simulation appears to contain systematically more large voids per unit volume than the 512 3 simulation (e.g. see the third row in Fig. 9 ) the difference is only marginally significant. Assuming Poisson counting statistics the GIF simulation exceeds the void abundance in the 512 3 simulation by < ∼ 2σ for these samples. We have also computed void radii distributions using the GIF-II simulation (described in §2). We find that the Poisson errors are a reasonable representation of the differences between the results from the GIF and GIF-II simulations, while the GIF-II results are somewhat closer to those of the 512 3 simulation.
Sheth (2002) also predicts the clustering properties of voids (specifically their bias on large scales and defined in terms of the two-point correlation function). Even with the large volume of our simulations measuring void clustering is quite difficult. On scales comparable to the void radii we find a strong anti-correlation since the void finder algorithm allows voids to overlap by at most 10% in volume. On larger scales we typically find that voids have a close to uniform distribution. However, given the small amplitude of both void and dark matter correlation functions on these scales it is impossible to make strong statements about the void bias, or how it scales with void radius, from our current simulations.
Arbabi- Bidgoli & Müller (2002) show that voids in redshift surveys and in mock galaxy catalogues built from CDM simulations obey a simple scaling relation, such that the median void radius, R, obeys R = R0 + νλ, where λ is the mean galaxy separation of the sample in question and R0 and ν are parameters. In Fig. 10 we show the R-λ relation for voids in our simulations. We compute R for all the galaxy samples using both the GIF and 512 3 simulations. Note that there is little difference seen in the median void size between galaxy and dark matter samples. The differences in the void size distribution seen in Fig. 8 occur only for the largest voids, which have very low number density and so have little impact on the median void size. The parameters R0 and ν are determined using a least squares fit, including only those points for which 75% of the voids in the sample have radii in excess of the completeness limit for the simulation in question. For the 2dFGRS sample we find R0 = −0.11 ± 0.6 and ν = 1.42 ± 0.04, while for the SDSS sample we find R0 = −0.06 ± 0.2 and ν = 1.40 ± 0.02. Thus, the scaling relations for our two samples are consistent within the errorbars. Our results differ somewhat from those of Arbabi-Bidgoli & Müller (2002) , who find higher values of ν, and larger values of R0 for CDM mock galaxy catalogues constructed using a simple biassing scheme and for the Las Campanas Redshift Survey. This is not surprising given that we employ a different void finding algorithm, but does serve to highlight the importance of analyzing model and observations using the same algorithm. Nevertheless, such a linear scaling relation with slope ν > 1 is found in both void detection schemes, suggesting that it may be a generic feature of the void distribution.
Void Density Profiles
In the void finder algorithm voids need not be entirely devoid of galaxies. Galaxies with few nearby neighbours are classified as "void galaxies" and may be located within the subsequently detected voids. To assess the prevalence of such galaxies, and the larger scale structure surrounding voids, we have determined void density contrast profiles from our simulations. To do this we determine the number density of galaxies in concentric shells centred on each void centre, scaling all length scales by the void radius to allow us to compare voids of different sizes. We sum the resulting number density profiles over all voids in a particular range of radii and convert this into a density contrast profile. The results of this procedure are shown in Fig. 11 .
We show results for both galaxy and dark matter catalogues (filled and open points respectively), for a range of minimum void sizes and for two different magnitude selections (as indicated in the panels). Voids are highly underdense, galaxy voids more so than dark matter voids (typically density contrasts are 0.1 and 0.2 respectively for the M b J − 5 log h ≤ −20.5 sample), again demonstrating the biasing of galaxies relative to dark matter (this can be seen most clearly in the upper left-hand panel of Fig. 11 ). There is little variation in density contrast within much of the void, but there is evidence for a decline in density contrast in the very central regions of the voids. There is a clear threshold corresponding to the edge of each void which occurs close to r/R void = 1, especially for the M b J −5 log h ≤ −20.5 sample, indicating that the void finder algorithm is working successfully. Beyond the void radius we find the density contrast increases rapidly (more rapidly for galaxies than dark matter), but can remain below unity for a significant distance. Thus, for our M b J − 5 log h ≤ −20.5 sample the regions around voids are, on average, still underdense even at twice the void radius. These findings are in qualitative agreement with the void density profiles reported by Arbabi-Bidgoli & Müller (2002) , with the exception that our voids are less dense (for both galaxies and dark matter), and their boundaries are sharper (i.e. density contrast increases more rapidly beyond the void radius). This is again a consequence of the differing algorithms for defining voids in the two approaches, highlighting the importance of analysing observations and theoretical models in identical ways.
PROPERTIES OF VOID GALAXIES
In Fig. 12 we show, for the GIF simulation, the distributions of galaxy luminosities, colours, morphologies and star formation rates for both the general population (dotted histograms) and for galaxies living within voids (i.e. those galaxies lying within the spherical voids found using the void finder; solid histograms). Note that the fraction of galaxies which are actually located within voids (shown at the bottom of Fig. 12 ) is much lower than the fraction of galaxies classified as "void galaxies" by the void finder algorithm. A similar result is found for the observational samples employed by Hoyle & Vogeley (2002) . It is clear that void galaxies have systematically different properties to the general population-although the differences are typically rather small (similar results are found in the 512 3 simulation). Nevertheless, a Kolmogorov-Smirnov test indicates Normalized distributions of b J /r-band absolute magnitude, B−V/g−r colour, bulge-to-total ratio (measured in dustextinguished b J -band light) and star formation rate (top to bottom panels respectively) for 2dFGRS/SDSS samples for the general population of galaxies (dotted histograms) and galaxies living inside voids of radius 12.5Mpc/h or larger (solid histograms with error bars indicating the Poisson variation). In all cases we limit the sample of galaxies to those brighter than b J − 5 log h ≤ −19 and r − 5 log h ≤ −20 for 2dFGRS and SDSS samples respectively. The fraction of galaxies in these samples which live in such voids, f void , is shown at the bottom of the figure. All results are from the GIF simulation.
that the void and field galaxy samples are inconsistent with being drawn from a single underlying distribution (the probability being less than 6% in all cases). Void galaxies are typically fainter and bluer, are more disk-dominated and show higher star formation rates. All of these differences can be traced to the difference in dark matter halo mass functions in voids (indeed, in our model, this is the only possible means of creating a difference between voids and the general field). For example, in the field some fraction of galaxies fall into clusters where their supply of fresh gas is "strangled" (i.e. their diffuse halos of hot gas is removed by the ram pressure and tidal forces due to the cluster), resulting in a cessation Figure 13 . The (galaxy number weighted-)dark matter halo mass function for a sample of M b J − 5 log h ≤ −19 galaxies from the GIF simulation. The dotted line shows that of all such galaxies, while the solid line shows the result for galaxies living inside voids of radius 12.5h −1 Mpc or larger.
of star formation. Since there are no clusters in voids this process is far less important for void galaxies.
For the samples shown in Fig. 12 the halo mass function (for halos occupied by one of the galaxies) is shown in Fig. 13 . Clearly the halo mass function of void galaxies (solid line) is shifted to much lower masses relative to that of the field sample (dotted line). The median occupied halo mass is over 6 times lower for void galaxies than for field galaxies. The majority of these void galaxies live at the centre of their halo, whereas in the general population we find a large fraction of the galaxies existing as satellites in more massive halos.
We are also able to explore how the star formation rate of galaxies varies with radius inside voids. In Fig. 14 we show the mean specific star formation rate (i.e. the star formation rate per unit mass of stars) in model galaxies as a function of their normalized distance from the nearest void centre, where we include only voids larger than a particular radius (as indicated in the figure). Results are shown for two bJband selected samples as indicated in the figure (the fainter one drawn from the GIF simulation, the brighter one from the 512 3 simulation). Results for the full samples of galaxies are shown by the filled points. There is a clear trend for higher specific star formation rates as we move towards the centres of voids (for the fainter sample in particular, the trend is seen out to twice the void radius). There are two contributions to this effect. Firstly, outside of voids we find very massive halos which contain large populations of satellite galaxies. In our model these galaxies have lost their supply of fresh gas, and so star formation is strongly suppressed in these systems. Since such massive halos are very rare in voids the majority of void galaxies are the dominant Figure 14 . The specific star formation rate (i.e. the star formation rate per unit mass of stars) in model galaxies as a function of the radius relative to their nearest void centre. The mean specific star formation rate is plotted for two different luminosity selections (squares and circles, as indicated in the figure) as a function of normalized radius to the nearest void centre. Filled symbols include all model galaxies in the specified luminosity range, while open symbols include only those living at the centre of their halo (i.e. it excludes satellite galaxies). Results are computed for voids larger than 10 and 15h −1 Mpc for the faint and bright samples respectively.
galaxy of their halo, so retain a gas supply allowing higher rates of star formation. We can see the contribution of this effect by repeating this calculation using only central galaxies (i.e. those with a continued gas supply), as shown by the open symbols in Fig. 14 . For the fainter sample in particular this can be seen to be the dominant contributor to the trend. A secondary contributor to the trend is that, even for galaxies with a continued gas supply, specific star formation rates tend to be higher for lower mass galaxies in our model. This weaker trend is visible in the open symbols in Fig. 14.
Larger differences may occur for fainter samples of galaxies, below the resolution limit of our simulations. If faint field galaxies exist mostly as satellites in massive groups and clusters (which are not located in voids) then significant differences between field and void samples could occur. If, on the other hand, faint field galaxies exist mostly in lower mass halos (where the differences between field and void halo mass functions are much smaller) we would expect the differences to be smaller also. Benson et al. (in preparation) examine the relative contributions of satellite and nonsatellite galaxies to the galaxy luminosity function, finding that satellites become the dominant contribution faintwards of MB − 5 log h ≈ −16.5, suggesting that we would need to probe over two magnitudes fainter than currently possible to see significant differences between void and field galaxies.
DISCUSSION
We have presented detailed theoretical predictions for a wide range of statistics related to voids in the distribution of galaxies, and for properties of galaxies living within those voids. These predictions have been specifically aimed at the 2dFGRS and SDSS, which, due to their large size, should provide accurate measures of these statistics. We have focussed on simple selection criteria, namely simple cuts in luminosity, which we believe will permit the most robust comparison between theory and observations.
The properties of voids and void galaxies are potentially a strong constraint on models of structure and galaxy formation. However, we have shown that many of the properties of galaxy and dark matter voids differ significantly, indicating (as we have shown) that galaxy bias as well as gravitational instability is important for the formation of galaxy voids. Although our understanding of galaxy bias has progressed greatly in recent years we cannot be certain that our understanding is complete. Where suitable data already exist (specifically the void and underdense probability functions analysis applied to the CfA surveys by Vogeley et al. 1994) we find that the model is consistent with the data, but that the current observational sample is too small to probe the signal of bias expected from our model. This situation should be rectified when this analysis is repeated on larger redshift surveys.
As has been shown in previous works on galaxy clustering using semi-analytic and N-body techniques, the results are rather robust to changes in model parameters (Benson et al. 2000a ). If we compute void statistics such as the VPF, nearest neighbour distributions or void size distributions at a fixed number density then our predictions are unaffected by changes in most model parameters (e.g. the strength of supernovae feedback, the star formation timescales in galaxies etc.). This results from the fact that the main effect of changing these parameters is to change galaxy luminosities without significantly changing the ranking of galaxy luminosity. Predictions are changed by parameters in the model which do change the ranking of luminosities. For example, significantly increasing or decreasing the rates of galaxy mergers can make strong differences in some of the statistics considered here. (Note however, that with the improved merging model of Benson et al. (2002a) we no longer have the freedom to adjust merger rates in our model.) The properties of void galaxies (e.g. Fig. 12 ) are affected by changes in model parameters. As the differences between void and wall galaxies seen in Fig. 12 are so small we choose not to explore the dependencies of these properties on model parameters in this work.
The models employed in our analysis include the effects of "photoionization suppression" as described by Benson et al. (2002a) . This feedback mechanism has the potential to strongly alter the properties of voids in the galaxy distribution. Halos in voids are of lower mass on average than in higher density regions. Since photoionization suppression acts most effectively on low-mass halos it will cause greatest suppression of galaxy formation in voids. (Furthermore, although not included in our present modelling, reionization of the Universe may begin in voids, enhancing the suppression in these regions further.) For the lowest mass galaxies resolved in our current N-body simulations the effects of photoionization suppression are negligible (e.g. the VPF and nearest neighbour distributions for galaxy samples of fixed number density are indistinguishable between models with and without photoionization suppression). We may expect however strong differences to show up in higher resolution simulations.
